The hierarchial chronoarchitecture of the mammalian circadian system is composed of multiple oscillators located in both central and peripheral tissues (Yamazaki et al., 2000; Davidson et al., 2003) . A master pacemaker in the suprachiasmatic nuclei (SCN) of the hypothalamus orchestrates the rhythms Abstract The mammalian circadian system is orchestrated by a master pacemaker in the brain, but many peripheral tissues also contain independent or quasi-independent circadian oscillators. The adaptive significance of clocks in these structures must lie, in large part, in the phase relationships between the constituent oscillators and their micro-and macroenvironments. To examine the relationship between postnatal development, which is dependent on endogenous programs and maternal/environmental influences, and the phase of circadian oscillators, the authors assessed the circadian phase of pineal, liver, lung, adrenal, and thyroid tissues cultured from Period 1-luciferase (Per1-luc) rat pups of various postnatal ages. The liver, thyroid, and pineal were rhythmic at birth, but the phases of their Per1-luc expression rhythms shifted remarkably during development. To determine if the timing of the phase shift in each tissue could be the result of changing environmental conditions, the behavior of pups and their mothers was monitored. The circadian phase of the liver shifted from the day to night around postnatal day (P) 22 as the pups nursed less during the light and instead ate solid food during the dark. Furthermore, the phase of Per1-luc expression in liver cultures from nursing neonates could be shifted experimentally from the day to the night by allowing pups access to the dam only during the dark. Peak Per1-luc expression also shifted from midday to early night in thyroid cultures at about P20, concurrent with the shift in eating times. The phase of Per1-luc expression in the pineal gland shifted from day to night coincident with its sympathetic innervation at around P5. Per1-luc expression was rhythmic in adrenal cultures and peaked around the time of lights-off throughout development; however, the amplitude of the rhythm increased at P25. Lung cultures were completely arrhythmic until P12 when the pups began to leave the nest. Taken together, the data suggest that the molecular machinery that generates circadian oscillations matures at different rates in different tissues and that the phase of at least some peripheral organs is malleable and may shift as the organ's function changes during development.
of multiple peripheral clocks (Yoo et al., 2004) . Under most conditions, light is the most important exogenous factor that entrains the circadian system and allows organisms to anticipate daily changes in the natural environment (Foster et al., 2007) . Food availability is also a key environmental signal and food (or feeding) can entrain and decouple some (but not all) peripheral clocks from the control of the lightentrained SCN (Mistlberger, 1994; Stephan, 2002; Vujović et al., 2008) . Using an in vitro reporter system to monitor circadian rhythms in tissues cultured from Period1-luciferase (Per1-luc) rats, in which the Per1 promoter drives the expression of luciferase, we have demonstrated that light and food signals entrain the peripheral as well as the central components of the circadian system (Yamazaki et al., 2000; Stokkan et al., 2001) . While the rhythms of peripheral clocks are usually controlled by the SCN, they can also act independently of the master clock by adjusting their phase in response to exogenous signals such as rhythmic food availability (Damiola et al., 2000; Hara et al., 2001; Stokkan et al., 2001) .
During postnatal development, the environment of rat pups changes drastically in a short period of time. Initially, neonates are confined to the nest and are fed by their mother. Later, the pups venture out of the nest and begin eating solid food. Concurrent with these changes in the environment, numerous internal developmental programs are progressing. While the SCN becomes rhythmic at embryonic day 19 to 20 (Reppert and Schwartz, 1984; Ohta et al., 2002) , it is unknown whether peripheral clocks are rhythmic at birth (but see Ohta et al., 2008) . Because both the endogenous and exogenous environments of perinatal rat pups undergo remarkable transformations, it is possible that circadian characteristics of peripheral oscillators may also change during development to maintain adaptive phase relationships with important aspects of the changing environment. To gain a better understanding of how the circadian system matures during development, we examined rhythms of Per1-luc expression in postnatal peripheral oscillators.
MATERIALS AND METHODS

Animals
Two different lines of Per1-luc transgenic rats [W(per1)1 and W(per1)2 (Yamazaki et al., 2000;  referred to as L1 and L2, respectively)] were used in this study. All rats were raised and maintained in a 12:12 light/dark cycle (lights-on at 0500 h, lights-off at 1700 h EST). The day of birth was defined as postnatal day 0 (P0). Tissue cultures were prepared from L1 heterozygous and L2 homozygous pups at various days after birth (P0 to P90). Since no sex differences were identified, both male and female L1 and L2 rats were used. All procedures were approved by the Animal Care and Use Committee at the University of Virginia.
Tissue Culture, Bioluminescence Recording, and Data Analysis
Tissue culture, luminescence recordings, and data analyses were performed as previously described (Yamazaki et al., 2002; Yamazaki and Takahashi, 2005; Yoshikawa et al., 2005) . Tissues were harvested within the hour before lights-off. Tissues from L1 rats were cultured in Gibco DMEM (DMEM powder, catalog number 13000-021; Gibco, San Diego, CA), while Sigma DMEM powder (D-2902; Sigma, St. Louis, MO) supplemented with 3.5 g of D-glucose (G7021 Sigma) was used for culturing L2 tissues (because Gibco discontinued the production of DMEM powder). Peak phase was determined from detrended (24 h moving average was subtracted from original data) and smoothed (3 h moving average) data as the highest point occurring between 12 h and 36 h in culture. Cultures were considered rhythmic when more than 2 circadian cycles of Per1-luc were expressed. Cultures with only 1 peak of Per1-luc were designated as arrhythmic.
Maternal Presence/Absence
Male homozygous L1 rats were crossed with wildtype (WT) females. Mothers (WT) and their pups (L1 heterozygous) were maintained in a 12:12 light/dark cycle. Starting on P5, maternal presence/absence (P/A) cycles were imposed on the pups. Individual litters were designated as control, light, or dark groups. Pups in the control group remained with their mother at all times (24 h per day). Litters in the light group were allowed access to the dam during the light phase (0500-1700 h) and were separated from their mother during the dark phase (1700-0500 h). To avoid dehydration or changes in body temperature while the litter of pups was separated from their mother, the litter was transferred from their mother's cage to a glass dish, which was placed in a warm water bath (35°C). Litters in the dark group were allowed access to the dam during the dark phase and were placed in the water bath during the light phase. After either 2 or 7 full P/A cycles (on P7 or P12, respectively), 3 pups from each litter were randomly selected for tissue culture.
Monitoring Nursing Behavior and Pups' Activity
A clear plastic rat cage (26 cm in width, 47 cm in length, 20 cm in height) was used to house each mother and her pups. An infrared video camera (2001BI; Spycameras4Less, Madisonville, LA) was connected to a computer with a capture card and video capture program (Microsoft VidCap). The program was set to capture 1 frame every minute, and the camera ran continuously, 24 h per day, from P2 until weaning on P21. Each day's data were transferred to a CD and viewed at 1 frame per second (using Microsoft VidEdit, version 1.1). An observer (E.W.B.) watched the video and recorded the time when the mother was "on" or "off" the nest. The mother was considered on the nest when she was lying on or very close to the pups. She was considered off the nest when she had no physical contact with the pups or was lying away from the majority of the pups. Also recorded were the times each pup independently moved off the nest and when the pups began eating solid food. Data were recorded in 5-min bins and plotted graphically using ActiView software (Mini Mitter Co. Inc, Bend, OR) .
TaqMan Analysis
Lungs from P3 (arrhythmic) and P30 (rhythmic) L1 heterozygous animals were harvested either at the time of lights-on or lights-off and were frozen immediately in liquid nitrogen. Total RNA was extracted with the TRIzol reagent (Invitrogen, Carlsbad, CA).
RT-TaqMan PCR analysis (TaqMan PCR 7900HT
Sequence Detection System; Applied Biosystems, Foster City, CA) was used to quantify mRNA levels. cDNA was synthesized using oligo dT primers (Applied Biosystems). A SYBR Green PCR Kit (Applied Biosystems) was used simultaneously to amplify synthesized cDNA and serial dilutions of genomic DNA (Promega, Madison, WI) of known copy numbers to generate a standard curve. Each mRNA concentration was determined within the linear range of the standard curve. cDNA samples were normalized relative to the level of GAPDH (primers; Applied Biosystems). The primer pairs used were: Per1: 5′ AGCAGAGTGGAAGTTTT CAGCC 3′ and 5′ACCACTTCAGCAGCTTGTCAGC 3′. Per2: 5′ GGTGTGGCAGCTTTTGCTTC 3′ and 5′ CGGCACAGAAACGTACAGTGTG 3′. Per3: 5′ ACA-GATGACGTTTTCCCAAAGC 3′ and 5′ TGTCTTCA GGTGACGGCTGAT 3′. Bmal1: 5′ TGGAGAAGGTG-GCCCAAAGA 3′ and 5′ CCTATTTTTCCTGCTCCA GCTCT 3′. Clock: 5′ CATGCAGCATCTCAAAGACC 3′ and 5′ CCTTAGTTCTTCTTGCTGCCGA 3′. Cry1: 5′ TGTGTTCAGATCCCTTGGGACAA 3′ and 5′ ACTCTTCAAAGACCTTCATCCCTT 3′. Cry2: 5′ GGCCGAGGGCAAGACAG 3′ and 5′ AGCCCTCCT GCCTCAGTTG 3′. Timeless: 5′ GACCCTCAGTATC-CGTACCTTTCA 3′ and 5′ TTGCGGTCTGTCA GCATCAT 3′. Ck1ε: 5′ CGGTTCGATGAT AAGCCT-GAC 3′ and 5′ AGAAACCCTGCCGGTGAAA 3′. NPAS2: 5′ TCAGCATGTTCCAGACCATTAAA 3′ and 5′ GCTGCCACCGAATGTTGG 3′.
RESULTS
Postnatal Development of Per1-luc Rhythm
To understand how the circadian characteristics of central and peripheral clocks change postnatally, we analyzed Per1-luc expression in cultured SCN, pineal, liver, lung, adrenal, and thyroid tissues from pups of different ages. The rhythm of Per1-luc expression in pineal glands harvested from P0 pups was robust and peaked during the day (Figs. 1A, 2A ). The phase of the Per1-luc rhythm remained stable until P4 and then it began to delay gradually each day. At P9, the phase stabilized in the late night (P9 to P90, Fig. 1B and Fig. 2A ).
Per1-luc expression in liver cultures harvested from P0 to P21 pups peaked around early to midday (Figs. 1C and 2B) . Then, the phase began gradually advancing at P22 until it stabilized between P25 and P50 in the mid night (Figs. 1D and 2B) .
At P2, Per1-luc expression in thyroid cultures peaked in midday (Figs. 1I and 2E). This peak shifted to early night by P20 (Figs. 1J and 2E) .
In P2 adrenal cultures that contained both the cortex and the medulla Per1-luc expression peaked in early night (Fig. 2D ). Although no obvious change in peak phase was observed during the course of development, the amplitude of the rhythm was greater in cultures prepared after P25 than from P10 pups (see Figs. 1G and 1H) .
Lung tissue harvested from pups younger than P10 did not show rhythmic Per1-luc expression (Figs. 1E and 2C). Rhythmic Per1-luc expression in lung cultures was first observed at P10 and peaked during the early night. The peak phase in the lung was slightly delayed as animals developed. One-hour stimulation with newborn calf serum or forskolin, which always reinitiates rhythmicity in damped adult tissues (Yamazaki et al., 2002) , failed to induce rhythmic Per1-luc expression in arrhythmic cultures of lung taken before P10, although a transient increase in Per1-luc activity was observed ( Fig. 3A  and B ). To determine whether the arrhythmicity of lung cultures from young rats could be caused by lack of expression of 1 or more circadian genes, we used RT-PCR to assess mRNA levels in the lung at P3 and P30. We found no significant differences between mRNA levels of Per1, Per2, Per3, Cry1, Cry2, Bmal1, Clock, NPAS2, Ck1ε, and Tim mRNAs in lung tissue harvested from P3 and P30 rats, although differences in the levels of Per3, Bmal1, and Clock approached significance (Table 1) .
Activity Monitoring
We hypothesized that shifts in the phase of Per1-luc expression rhythm might correlate with developmental milestones such as the time at which rat pups independently leave the nest or begin to eat solid food. To positively identify the times at which these events occurred, we recorded the behavior of each dam and her pups with an infrared camera. The dam covered the nest for more of the day at early ages of the pups than at later ages (Fig. 4A) . Therefore, the pups were likely nursed mostly during the day. This diurnal activity of nest covering by the dam gradually became less consolidated as the pups developed. Until P11, pups never spontaneously left the nest. Pups were first observed to leave the nest independently on P11, an activity that occurred primarily during the dark portion of the light cycle (Fig. 4B) . These patterns were observed in 3 separate dam/pup groups. We first observed pups eating solid food around P15 (in 2 dam/pup groups, solid food was first eaten at P15; in the 3rd dam/pup group, solid food was first eaten at P17). We observed that the pups ate during the dark part of the light/dark cycle, which is consistent with a previous report (Levin and Stern, 1975) .
Effects of Timing of Nursing on Per1-luc Rhythm
Activity monitoring indicated that pups were nursed mostly during the day, while weanlings and adults consumed solid food during the night. We hypothesized that the phase difference in Per1-luc rhythms of the liver cultures of nurslings and adults was caused by differences in the time of eating. To test this hypothesis, pups' daily access to their dam was restricted to the 12 h of either the light or dark phase of the day (P/A cycles). Exposure to either P/A cycle did not alter the phase of the Per1-luc rhythm in SCN cultures. In SCN cultures prepared from pups nursed only in the dark or only in the light, Per1-luc expression peaked during the day (Fig.  5) . In contrast to the SCN, the phase of Per1-luc expression rhythms in the liver cultures from the pups was significantly altered by changing time at which they had access to the dam (Fig. 5 ). Per1-luc expression in liver cultures from the control and light groups, in both of which pups were nursed during the day, peaked during the day. In marked contrast, Per1-luc expression in liver harvested from the dark group, in which pups had access to the dam only in the dark, peaked during the night.
DISCUSSION
Our results indicate that peripheral clocks mature at different rates. Furthermore, the phases of the Per1-luc rhythms in some peripheral tissues change remarkably during postnatal development. The timing of this change varies by tissue, suggesting that each peripheral clock may respond differently to various neural, hormonal, physiological, and behavioral inputs. Under some conditions, the timing of the culture procedure itself may influence the phase of rhythms recorded in the tissue explants (Yoshikawa et al., 2005) . Although we cultured all tissues at the same times, it is possible that the changes in phase that we observed might reflect changes in sensitivity to the procedure. Ideally such phase changes could be confirmed by ex vivo experiments. Recently, Sládek et al. (2007) reported postnatal phase changes of circadian gene mRNA expression rhythms in Wistar rat liver. The phase of Per1 mRNA rhythms obtained by population sampling (ex vivo experiments) was similar to that which we measured using our in vitro real-time reporter assay. Our data also show that the time of maternal presence drastically affects the phase of the pup liver rhythm as measured by our in vitro assay. This supports the idea that the culture procedure as we have used it here has a minimal effect on the phase of tissue (at least in liver) explants. In adult rats, melatonin is synthesized rhythmically by the pineal gland and peaks during the night. However, melatonin levels are not rhythmic immediately following birth (see review by Klein et al., 1981) . The day-to-night difference in pineal melatonin content becomes evident at P8 in Sprague-Dawley rats pineal (A, B), liver (C, D), lung (E, F), adrenal (G, H), thyroid (I, J) , and suprachiasmatic nuclei (K, L) were prepared from Period 1-luciferase rat pups or adults maintained in 12:12 LD. Bioluminescence measurements (in counts per second) were collected at 1-min intervals and plotted for 3 days. (Tamarkin et al., 1980) and at P11 in Wistar rats (Ribelayga et al., 1998) . A small, but significant, nocturnal increase in the activity of arylalkylamine-N-acetyltransferase (AA-NAT), the rate-limiting enzyme for melatonin synthesis, is first identified at P4 and becomes prominent at P7 (Ellison et al., 1972) . The expression of AA-NAT mRNA becomes rhythmic in the pineal gland of Wistar rats at P5 (Pfeffer and Stehle, 1998) . The pineal gland is innervated by sympathetic neurons that originate in the superior cervical ganglion connected by a multisynaptic pathway to the SCN (see recent reviews, Klein, 2007; Maronde and Stehle, 2007) . Nocturnal release of norepinephrine from sympathetic terminals causes a rapid increase in AA-NAT mRNA expression. Hakanson and colleagues (1967) reported that sympathetic fibers are confined to the surface of the pineal in P0 to P4 rats. At P5 to P6, some fibers have entered the parenchyma of the pineal, suggesting that noradrenergic signals may be transmitted at this time. AA-NAT gene expression becomes rhythmic concurrent with sympathetic innervation of the pineal. Unlike the expression of AA-NAT mRNA, we found that Per1-luc expression in the pineal is rhythmic at birth, suggesting that the pineal clock is already running. AA-NAT expression may be arrhythmic at P0, because it is not yet coupled to the clock. Alternatively, AA-NAT may not be under the control of the pineal clock but rather may be driven rhythmically by the SCN through the sympathetic pathway. Since previous studies assessed AA-NAT mRNA expression at only 2 time points (1 during the day and another in the night), it is possible that AA-NAT mRNA is, in fact, rhythmically expressed at birth, but its rhythmicity was not detected by this sampling protocol (Ellison et al., 1972; Pfeffer and Stehle, 1998) . Detailed analysis of AA-NAT expression at birth will be necessary to determine if melatonin synthesis is controlled by the pineal clock at this early developmental stage.
The pineal clock is rhythmic at birth and the rhythm of Per1-luc expression peaks during the day. This is in contrast to adult rats, in which pineal Per1-luc peaks during the night. Interestingly, we found that the phase of Per1-luc expression was gradually delayed from P5 to P7, concurrent with sympathetic innervation of the pineal and the emergence of rhythmic AA-NAT mRNA expression, suggesting that the developmental program of the pineal clock is coordinated with the functional maturation of the pineal gland.
In previous studies on adult rodents, we and others have demonstrated that the phase of the liver clock entrains to the time of feeding (Damiola et al., 2000; Hara et al., 2001; Stokkan et al., 2001 ). In the current study, we found that the phase of Per1-luc expression in the liver changed from early in the day NOTE: mRNA levels of circadian clock related genes were compared between lung tissue at P3 (n = 7) and P30 (n = 4). Tissues harvested at ZT 0 and 12 were averaged and mean and SEM were plotted. No statistical differences (by t test) were observed in the expression levels of Per1, Per2, Per3, Cry1, Cry2, Bmal1, Clock, NPAS2, Ck1ε , and Tim. to late night at about P21. Since the phase shift occurred as pups were leaving the nest (where they were fed primarily during day) and beginning to eat solid food (which they eat at night), we hypothesized that feeding time controlled the phase of the liver clock in the presence of an unchanged light cycle. In support of this hypothesis, we were able to shift the phase of Per1-luc expression in livers harvested from P7 and P9 pups by limiting their access to the dam to either the day or the night (P/A cycle). We cannot exclude the possibility that stress associated with maternal separation and/or a small temperature change might also affect the phase of liver explants.
In contrast to the liver, the phase of the SCN was not affected by the P/A cycle. Our findings contrast with those of Ohta and colleagues (2002) , who showed the SCN of enucleated pups entrains to the P/A cycle. However, at P5, when we exposed the pups to varying P/A cycles, the SCN is responsive to light (Weaver and Reppert, 1995) . Therefore, the SCN of the pups in our experiment was likely entrained to the light/dark cycle even though they were exposed to the P/A cycle. This is a striking (although not unique) example of differential entrainment of different circadian oscillators in the same individual organism by hierarchically organized signals. It would be interesting to examine the effect of the P/A cycle on the phase of Per1-luc expression in the SCN of neonates before the retinohypothalamic tract becomes functional.
The peak phase of Per1-luc expression in both the liver and thyroid shifted from day to night at similar postnatal ages (P20) perhaps as a consequence of the change in feeding pattern. Since there is crosstalk between the hypothalamic-pituitary-thyroid (HPT) and hypothalamic-pituitary-adrenal (HPA) axis (Helmreich et al., 2005) , we wondered whether the thyroid and adrenal clocks would shift phase at the same time in development. However, we found that the phase of the Per1-luc expression rhythm in the adrenal gland remained stable from P0 to P90, while the thyroid shifted between P15 and P20. This suggests that the rhythms of the adrenal and thyroid glands are separately controlled by the pituitary, or that factors apart from those of pituitary origin control these peripheral clocks. Interestingly, the amplitude of Per1-luc expression in cultured adrenals increased by P25 when daily rhythms of blood corticosterone are first observed in rats (Miyabo et al., 1980) .
In contrast with the other tissues examined in this study, Per1-luc expression in lung tissue was arrhythmic until pups were 10 days old. Adding forskolin or serum to the medium induced a transient increase in Per1-luc expression, but neither initiated a rhythm in lungs from P3 pups. These data suggest that the lung is not capable of expressing an autonomous rhythm prior to P10 although other stimuli (e.g., glucocorticoid) might generate rhythmicity. Arrhythmicity in early postnatal lung cannot be attributed to deficient circadian gene expression since Per1, Per2, Per3, Cry1, Cry2, Bmal1, Clock, NPAS2, Ck1ε , and Tim mRNAs were expressed at comparable levels in arrhythmic P3 and rhythmic P30 lung tissue. However, we did not make any protein measurements. Interestingly, the lung becomes rhythmic at P10 and peaks during the night, concurrent with the increased activity of the pups as they leave the nest for the 1st time.
Our data indicate that the phase of Per1-luc rhythms in peripheral tissues may correspond with the physiology of the tissue and the behavior of the animal (e.g., liver rhythm peaks during feeding, lung develops a rhythm and peaks when pups are active outside of the nest). Perhaps the molecular apparatus that generates distinct circadian oscillations matures at different rates under the influence of tissue-specific signals. The coordination of these processes may allow animals to adapt to their environment as it changes throughout postnatal development. 
